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A programmable logic device is presented com- 
prising a global interconnect array whose lines are 
f d via programmable multiplexers to logic array 
blocks. The global interconnect array lines are fed to 
the multiplexers in a specific pattern which maxi- 
mizes the user's ability to route a selected line to the 
output of a selected multiplexer, while at the same 
time maintaining higher speed and lower power con- 
sumption, and using less chip array than prior art 
programmable logic devices using programmable in- 
terconnect arrays based on erasable programmable 
read-only memories. 
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Background of the Invention 

This invention relates to programmable logic 
devices, and more particularly to a new architec- 
ture for an erasable programmable logic device 
("EPLD") using a multiplexer-based global inter- 
connect array ("GIA") which allows for EPLDs with 
higher speed and the ability to realize more com- 
plex functions than previously possible. 

As shown by commonly-assigned U.S. Patent 
No. 4,871.930 ("Wong"), which is hereby incor- 
porated by reference in its entirety, and the re- 
ferences cited therein, programmable logic devices 
("PLDs") are well known. As described in Wong, a 
major obstacle in increasing the logic density in 
previously known PLDs was the size of the single 
glolDal interconnection array which increased as the 
square of the number of output functions. This 
obstacle was overcome to a large extent by the 
use of a programmable interconnect array ("PIA") 
disclosed in Wong. In a PLD using a PIA, a single 
global interconnection array using erasable prog- 
rammable read-only memory ("EPROM") cells was 
used to route signals to and from logic array blocks 
("LABs") which contained logic elements, macro- 
ceils, and a local interconnection array. 

The architecture using PIAs and LABs dis- 
closed in Wong produced a generation of success- 
ful PLDs available commercially from Altera Cor- 
poration of San Jose. California. Yet, to meet ever 
increasing technological demands, PLDs have been 
constantly increasing in both size and complexity. 
In particular, to achieve higher logic density, more 
logic elements have been incorporated into PLDs 
and this has necessitated increasing the size of the 
PIA. 

However, a significant amount of the power 
used in PLDs is consumed in the programmable 
elements of the PIA, and a major speed limitation 
is capacitive loading in the programmable elements 
of the PIA. Increasing the size of the PIA. therefore, 
leads undesirably to higher power consumption 
and reduction in speed. 

In view of the foregoing, it would be desirable 
to b able to provide a PLD architecture in which 
power consumption is reduced by eliminating prog- 
rammable elements from the PIA. 

It would further be desirable to be able to 
provide a PLD architecture in which speed is in- 
creased by reducing capacitive loading on the in- 
terconnect array. 

Summary of the invention 

it is an object of this invention to provide a PLD 
architecture in which power consumption is re- 
duced by eliminating programmable elements from 
the PIA. 



It is a further object of this invention to provide 
a PLD architecture in which speed is increased by 
reducing capacitive loading on the interconnect ar- 
ray. 

5 These and other objects are accomplished in 

accordance with the principles of the present in- 
vention by providing a PLD architecture in which 
programmable elements in the PIA are replaced by 
a group of multiplexers in a new global intercon- 
70 nect an^ay (-GIA"). 

It has now been determined that, as the com- 
plexity of PLDs increases, the increase in the num- 
ber of programmable elements in the PIA is re- 
sponsible for a significant increase in the cimount of 

75 the power consumed, and is responsible for a 
significant decrease in the speed due to the ca- 
pacitive loading of EPROM cells. Furthermore, it 
has now been observed that only a small fraction 
of the total number of EPROM ceils in the PIA is 

20 used, so that most of the increased capacitive 
loading and power consumption is unnecessary. 

Accordingly, in the present invention, the prog- 
rammable elements and thus their associated pow- 
er consumption and capacitive loading have been 

25 eliminated by replacing the PIA with an alternative 
GIA. In the GIA. selected global conductors are 
connected to the inputs of multiplexers in a pre- 
determined pattern, and the outputs of the mul- 
tiplexers are connected to the inputs of macrocells 

30 in the LABs. 

Replacement of the PIA with a GIA allows for 
higher logic density than previously possible. For 
example, a preferred embodiment of the present 
invention provides up to twice the density of the 

35 EPM5128, available commercially from Altera Cor- 
poration of San Jose. California. The preferred em- 
bodiment comprises sixteen LABs interconnected 
with a high speed GIA. Each LAB contains sixteen 
macrocells that share a programmable local EP- 

40 ROM array. 

Programmabiiity through the use of a global 
EPROM in the PIA of prior PLDs is replaced in the 
present invention by programmabiiity of the mul- 
tiplexers connected to the GIA. The multiplexers 

45 are controlled by an array of programmable ar- 
chitecture bits so that the signals on selected glo- 
bal conductors can be routed to the inputs of 
selected macrocells. 

Elimination of the programmable elements re- 

50 duces the capacitive loading on the bit-lines, thus 
increasing the speed of the PLD. In addition, a 
small number of multiplexers consumes less power 
than a large number of EPROM cells, so the total 
amount of power consumed by the PLD is re- 

55 duced. 

Brief Description of the Drawings 
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The above and other objects and advantages 
of the invention will be apparent upon consideration 
of the following detailed description, taken in con- 
junction with the accompanying drawings, in which 
like reference numerals refer to like parts through- 
out, and in which: 

FIG. 1A is a schematic block diagram of an 
illustrative embodiment of the present invention; 
FIG. 1 B IS a simplified plan view of chip a for an 
embodiment of the present invention; 
FIG. 2 is a simplified schematic block diagram 
of an illustrative input/output architecture of the 
present invention; 

FIG. 3A is a simplified schematic block diagram 
of the illustrative embodiment of RG. 1A show- 
ing a logic array block; 

FIG. 3B is a schematic block diagram of a 
preferred embodiment of a multiplexer; 
FIG. 4A is a schematic block diagram showing 
an interconnection of macrocells and multiplex- 
ers forming a chain without loops; 
FIG. 48 is a schematic block diagram showing 
an interconnection of macrocells and multiplex- 
ers forming a chain with a loop; 
FIG. 4C Is a schematic block diagram showing 
an interconnection of macrocells and multiplex- 
ers which maximizes routing ability; 
FIG. 40 is a schematic block diagram showing 
an interconnection of macrocells and multiplex- 
ers which does not maximize routing ability; 
FIG, 4E is a tabular representation of an inter- 
connection pattern which maximizes routing abil- 
ity; 

FIG. 5A is a flowchart of an algorithm for assign- 
ing global conductors (sources) to multiplexers 
(destinations); 

FIG. 58 is a flowchart of a recursive subroutine 
used in the algorithm of FIG. 5A; and 
FIG. 6 is a schematic representation of a hard- 
ware system for implementing the algorithm of 
FIG. 5A, 

Detailed Description of the Invention 

A. Overall Architecture 

FIG. 1A is a simplified overall block diagram of 
an illustrative embodiment of a programmable logic 
device ("PLD") 100 constructed in accordance with 
the present invention, PLD 100 comprises: a plural- 
ity of modules 1 80; global interconnect array 
("GIA-) 105 for interconnecting modules 180; dedi- 
cated input pads 175 which can be used to direct 
input directiy to GIA 105; and input/output ("I/O") 
pads 155 which can be used eith r as input pads 
to send data indirectly through module 180 to GIA 
105. or as output pads to transmit data from mod- 
ule 180. 



Selected lines 106 connect, and are used to 
send data from. GIA 105 to modules 180. The 
pretended methods for selecting and assigning lines 
106 are described below, 
s Module 180 comprises multipl xer 110. buffers 

120. 145, and 160, logic anray block ("LA8") 130. 
and lines 115. 125. 140. 150. and 165. 

RG. 18 shows a preferred chip layout for a 
PLD constructed In accordance with the principles 
TO of the present invention. The PLD chip layout of 
FIG. IB comprises LABs 111 surrounding GIA and 
multiplexer block 112. 

Each LAB 111 comprises word line driver 
blocks 116. I/O bussing btocks 117 containing buff- 
75 ers 145. and macrocell blocks 118 on two sides of 
local EPROM array 119. GIA driver blocks 114 
containing buffers 160 are positioned between 
LABs 111 and GIA and multiplexer block 112. 

Sun'ounding block 112 are latches 113 which 
20 contain multiplexer architecture bits (i.e., data 
which controls the programming of multiplexers 
110). Configuration information Is stored in archi- 
tectural bits embedded inside tiie LAB's EPROM 
arrays 119. The contents of tiiese bits are auto- 
25 matically loaded to configuration latches 113 during 
power-up. The flexibility provided by these archi- 
tectural bits allows for very efficient use of chip 
area in implementations of logic functions. 

30 B. Input and Output 

Input signals to PLD 100 are supplied to GIA 
105 either directiy from dedicated Inputs 175 or 
Indirectly from I/O pads 155 which can be config- 

35 ured as inputs or outputs. 

When I/O pads 155 are configured as inputs, 
they supply input signals via lines 150. buffers 160. 
and lines 165 to GIA 105. 

When I/O pads 155 are configured as outputs. 

40 they receive processed data from LAB 130 via 
lines 140 and buffers 145. LAB 130 processes the 
data communicated to it via lines 125 from GIA 
105. The outputs of LAB 130 are also fed back into 
GIA 105 via lines 140. 

45 FIG. 2 shows a simplified schematic block dia- 

gram of a pretended I/O architecture. Preferably, 
PLO 100 includes a large number of I/O pads 155 
and dedicated input pads 175A to 175D to support 
1/0 intensive applications. For example, a preferred 

50 embodiment has 160 I/O pads and four dedicated 
Input pads in a 208-pin package. 

Preferably four dedicated inputs 175A. 175B. 
1750, and 1750 provide inputs to GIA 105. or. for 
example, input 175A can be used as a global clock 

55 signal, input 175B can be used as a global clear 
signal, and inputs 175C and 175D can be used as 
output enabi signals. 

Programmable latches 176 provide a program- 
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mable architecture bit for each output 155 to allow 
individual slew rate control of pad drivers 145. 
Latches 176 control output tri-state buffers 145 so 
that, when latch 176 is in one state, the output 
voltage of buffer 145 can slew rapidly, and In the 
other state the output voltage slews more slowly. 
The user can control slew rate architecture bits 
stored in latches 176 so that only speed-criticai 
outputs operate at nnaximum slew rate. Output sig- 
nals which are not speed-criticai can be slowed 
down, thus reducing output switching noise. 

Buffers 145 can operate in tri-state mode so 
that pads 155 can be configured as inputs or 
outputs. When pads 155 are configured as outputs, 
logic levels on output enable pads 175C and 175D. 
through device 205. switch buffers 145 into a tow 
output impedance mode in which the outputs of 
macrocells 260 are routed to pads 155. When pads 
155 are configured as inputs, tri-state buffers 145 
are switched to a high output impedance mode in 
which external signals appearing on pads 155 are 
routed into GIA 105. 

C. Logic Array Blocks 

FIG, 3A shows a simplified, block schematic 
diagram of a portion of PLD 100 constructed in 
accordance with the present invention, in which a 
simplified representation of LAB 130 is shown. 

LAB 130 comprises input/output macrocells 
260 and buried macrocells 270 (described below), 
word lines 125, and bit lines 250, EPROM an'ay 
240 provides programmable interconnections be- 
tween word lines 125 and bit lines 250, 

Selected groups of lines 106 from GIA 105 are 
connected to multiplexers 110. In a preferred em- 
bodiment, shown in FIG. 3B. multiplexer 110 com- 
prises n pass transistors 351 with terminal 352 of 
each transistor connected to common node 353 
conresponding to the output of multiplexer 110. and 
each terminal 354 of transistor 351 corresponding 
to an input 357 of multiplexer 110 connected to a 
respective global conductor. Gate 355 of each tran- 
sistor 351 is controlled by programmable element 
(or "architecture bit") 356 which forms part of EP- 
ROM array 240. Architecture bits in EPROM anray 
240. which are programmed by the user, thus 
select which of the lines of group 106 are con- 
nected to respective buffers 120. Buffers 120 pro- 
vide both true replicas and complements of the 
signals at their inputs. These true and complement 
signals ar fed into LAB 130 to form word lines 125 
in EPROM array 240. 

EPROM anray 240 is a matrix of m mory cells 
having a plurality of input word lines 125 and a 
plurality of output bit lin s 250. TTie signal on each 
bit line is a logical product of the signals on a 
selected group of the word lines. The particular 



group of lines selected for each bit line is pro- 
grammed by the user. Bit lines 250 from array 240 
are ted to the inputs of identical macrocells 260 
and 270. 

5 

A. Macrocells 

A prefenred embodiment of macrocells 260 and 
270 is described fully in copending, commonly 
70 assigned United States patent application Serial 
No. 07/688.252. filed April 22, 1991, which is here- 
by incorporated by reference in its entirety. 

In a prefenred embodiment, each macrocell 
comprises five product terms and a programmable 

75 register providing D. T. SR, or JK flip-flop capabil- 
ity. The product terms can be used as primary 
inputs to generate combinatorial functions, or as 
secondary inputs to provide Individual asynchro- 
nous clear, set. clock, and clock-enable signals for 

20 the flip-flop as well as an exclusive OR input. In 
addition, one product term can be used as a logic 
expander, and thus there may be as many logic 
expanders as macrocells. 

A preferred macrocell architecture permits al- 

25 location, In which additional product terms may be 
allocated from a neighboring macrocell, thereby 
increasing the maximum number of product terms 
available to a macrocell beyond the number phys- 
ically included in each macrocell. For example, in a 

JO prefenred embodiment comprising five product 
terms, additional product terms may be allocated to 
a first macrocell from a neighboring macrocell. thus 
allowing up to ten product terms to a macrocell. 
Macrocells 260 and 270 can be substantially 

35 Identical, but the ways in which their outputs are 
connected in PLD 100 differ. The outputs of macro- 
ceils 260 are connected via lines 140 to GIA 105 
and to I/O pads 155. but the outputs of macrocells 
270 are connected via lines 140 only to GIA 105 

40 and not to I/O pads 155. Macrocells 260 can. 
therefore transmit data to I/O pads 155 and are 
thus termed "I/O macrocells," but macrocells 270 
cannot communicate directly with I/O pads 155 and 
are thus termed "buried macrocells." In a preferred 

4s embodiment, ten out of sixteen macrocells in each 
LAB are I/O macrocells and the remaining six are 
buried macrocells. 

In a preferred family of embodiments, PLD 100 
can comprise, for example, from 32 to 512 macro- 

50 cells. All members of the family can be imple- 
mented with the same uniform architecture based 
on high speed multiplexed Global Interconnect Ar- 
ray 105. 

55 E. Gtobal Interconnect Aray 

As described above, the present invention uses 
muttipl xers 110 and a GIA 105 instead of prog- 
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rammable elements in an EPROM array. 

In prior EPLDs with programmable intercon- 
nects such as the one described in the above- 
mentioned Patent No. 4.871,930. programmability 
of the global signal interconnection was obtained 
by providing a programmable Interconnect an^ay in 
which every bit line intersected every global con- 
ductor, and by providing a programmable element 
such as an EPROM cell at every intersection. With 
these programmable elements, the user could con- 
nect selected global conductors to selected bit 
lines. 

However, it has now been determined that the 
use of programmable elements at every intersec- 
tion leads to an undesirably large power consump- 
tion, and that the capacitive loading of the elements 
on the global conductors and bit lines causes an 
undesirable decrease in speed. Furthermore, only a 
small fraction of the total number of programmable 
elements are actually used in any particular design. 
Thus, the disadvantageous effects were caused by 
elements that were largely redundant 

This unnecessary and disadvantageous power 
consumption and speed reduction Is eliminated in 
the present invention in which a programmable 
elem nt Is not positioned at every intersection. 
Inst ad. selected global conductors are connected 
directly to the input of multiplexers, the outputs of 
th multiplexers are connected to the bit lines, and 
the multiplexers can be programmatically con- 
trolled by the user. 

The multiplexers must satisfy conflicting con- 
ditions. To ensure that the user has maximum 
flexibility in connecting global conductors to bit 
lines, the multiplexers should have as many inputs 
as possible. However, to keep the chip size as 
small as possible, the multiplexers should have as 
few inputs as possible. This conflict has been re- 
solved in the present invention with an interconnec- 
tion pattern which maximizes ihe flexibility for a 
given small number of Inputs. 

In a PLD comprising LABs. these conditions 
are satisfied if each LAB is fed by the outputs of 
multiplexers, the outputs of each LAB are par- 
titioned into one or more groups of global conduc- 
tors, and the global conductors are connected to 
the inputs of the multiplexers in a pattern which 
satisfies the following requirements: 

R1 No two global conductors feed the same 

set of multiplexers. 
R2 No multiplexer is fed by two global con- 
ductors in the same LAB. 
R3 Th global conductors in any two groups 
from different LABs and th multiplexers 
th y feed form an acyclic chain. 
Requirements Rl and R2 can be writt n alter- 
nativ ly as: 

Rr The universe of multiplexers fed by any 



one global conductor differs from the 
universe of multiplexers fed by any other 
global conductor. 
R2* Any two inputs of any multiplexer are 
5 connected to global conductors in dif- 

ferent LABs. 

In the prefen^ed embodiment, each global conduc- 
tor is connected to two multiplexers per LAB. Re- 
quirement R3 calls for a pattern having an acyclic 
ro chain. Such a pattern is illustrated in FIG. 4A which 
shows an example of a possible interconnection 
pattem 400 having nine multiplexers labeled M1 to 
M9 fed by two groups of global conductors labeled 
A1 to A4 and B1 to B4. Interconnections 401 to 
/5 416 together with multiplexers Ml to M9 form an 
acyclic chain as follows: Each of interconnections 
401 to 416 can be regarded as linking multiplexers 
M1 to M9 togetiier in a chain. The chain is acyclic 
in the sense that, starting at any point in the chain 
20 and moving along it In a single direction, each 
point in the chain can be reached once at most. 

In contrast, FIG. 4B shows an example of an 
interconnection pattern 425, using the same global 
conductors and multiplexers, which violates R3. In 
25 pattern 425. interconnections 426 to 430 and mul- 
tiplexers M1 to M3 form a loop. Specifically, start- 
ing, for example, at multiplexer Ml and moving 
along the chain formed by interconnections and 
multiplexers 427. 428. M2, 429. 430. M3, 431, 432. 
30 M4. 433, and 426. multiplexer Ml can be reached 
again. Because multiplexer Ml can b© reached 
more than once, pattern 425 is not acyclic (i.e., it 
has a loop). 

More realistic examples of interconnection pat- 
35 terns are shown in FIGS. 4C and 4D. FIG. 4C 
shows a preferred embodiment of an interconnec- 
tion pattem 450 for nine multiplexers which satis- 
fies Rl to R3 and hence maximizes the number of 
signals that can be routed tiirough the multiplexers. 

40 As shown in FIG. 4C, four multiplexers may be fed 
by global conductors from any macroceils in one 
LAB, four multiplexers may be fed by global con- 
ductors from any macroceils In another LAB, and 
the remaining multiplexer may be fed by a global 

45 conductor from any macrocell from a third LAB. In 
this case, no macrocell will be prevented from 
being routed to the output of a multiplexer. A 
particular programmed assignment, in which each 
macrocell is assigned through a multiplexer to an 

50 output, is shown in FIG- 4C where heavy lines 451 
indicate the macroceils assigned to the outputs of 
multiplexers Ml to M9. 

Conversely, an Int rconnection pattem which 
does not satisfy Rl to R3 may not aitow every 

55 macrocell to be routed to the output a multiplexer. 
For example, an int rconn ction pattenn 475 which 
contains a loop and th r fore does not satisfy Rl 
to R3 is shown in FIG. 40. With pattern 475, there 
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is no assignment in which macroceils CI or C2 can 
be routed to the outputs of any muitiplexer after 
macroceils A1 to A4 and B1 to B4 have been 
assigned. 

FIG. 4E shows a tabular representation of a s 
preferred embodiment of an Interconnection pattem 
which satisfies requirements Rl to R3, having nine 
groups of four global conductors interconnected to 
nine 8-input multiplexers. In FIG. 4E, the global 
conductors are labeled FOOA to F03I, where the lo 
final letter in the \abe\ signifies the group and the 
two digits in the label signifies the particular global 
conductor in the group. The multiplexers are label- 
ed MUXOO to MUX08, and the individual multi- 
plexer inputs are labeled (§00 to @07. Thus, refer- is 
ring to the first row of the table in RG. 4E. global 
conductor 00 of group A is connected to input 00 
of multiplexer 00 and to input 00 multiplexer 02. 
Similarly, refen^ing to the last row of the table in 
FIG. 4E, global conductor 03 of group I is con- 20 
nected to input 07 of multiplexer 05 and to input 07 
of multiplexer 07. 

Re-labeling or re-ordering the global conduc- 
tors or multiplexers will result In substantially the 
same interconnect pattern. 25 

If a PLD has a large number of LABs, it may 
not be possible to find a pattern which satisfies 
requirements Rl and R3 for all pairs of groups in 
all LABs. For example, if the global conductors 
were partitioned into groups of four and there were 30 
36 multiplexers feeding each LAB. then there 
would be at most nine LABs satisfying require- 
ments Rl and R3. If more LABs are required, then 
a pattern satisfying requirements Rl and R3 for a 
subset of the LABs could be repeated for each as 
subsequent subset of LABs until all LABs are used 
with requirements Rl and R3 holding for all LABs 
from the same subset Requirements Rl to R3 
could be violated for LABs from different subsets. 

The LABs' outputs are the outputs of its macro- 40 
cells, and these outputs are fed back to become 
global conductors in the GIA. If a global conductor 
needs to feed multiple LABs, it may not be possi- 
bl to successfully route all signals to their required 
d stinations for some patterns. In these cases, a 45 
different pattern may be created by permuting the 
macroceils within one or more LABs so that some 
signals are assigned to different global conductors. 

In a preferred embodiment shown in FIGS. 1A 
and 3A, GIA 105 is chosen to balance routabillty so 
with speed. All macrocell outputs 140. ail input 
pads 175, and I/O pads 155 drive a lin (or con- 
ductor) in GIA 105. Selected lines 106 from GIA 
105 are fed to the inputs of 24:1 multipl xers 110. 
Each LAB 130 is preferably fed by 36 multiplex rs. 55 
The outputs of multiplexers 1 10 drive, through buff- 
ers 120, word lines 125 of locai EPROM array 240 
of LABs 130. 



Each multiplexer 110 is controlled by architec- 
tural bits in local EPROM array 240 which establish 
which one of its inputs is routed to the multiplexer's 
output. During program mode, data is stored in 
these architectural bits to define the assignments. 

F. Interconnection Assignment Algorithm 

A computer aided engineering ("CAE") tool for 
implementing a user's custom circuit or logic de- 
sign with a PLD must perform the following oper- 
ations: 

(1) partition the logic into logic array blocks; 

(2) assign each logic element to a particular 
macrocell in each LAB (this is equivalent to 
assigning a given signal to a given global con- 
ductor); and (3) choose which multiplexer should 
be used to route the signal on a given global 
conductor to a destination LAB where the signal 
is required, if this is possible. Steps (1) and (2) 
can be performed by algorithms which are well 
known in the art. The present invention relates 
to step (3). 

Step (3) involves assigning a multiplexer output 
to a selected one of its inputs. This is equivalent to 
switching the multiplexer to a mode in which the 
logical signal, or the complement of the logical 
signal, appearing at the selected input is propa- 
gated to the output. 

Given the specific interconnection pattern, such 
as pattern 450, established when the PLD chip is 
designed, it is necessary to provide a method for 
assigning macrocell outputs (or sources) to mul- 
tiplexer outputs (or destinations) so as to imple- 
ment the user's custom circuit. 

Such a method is provided by algorithm 500 
shown in flowchart form in FIG. 5A. Given a set of 
sources {si} (which represents a set of global con- 
ductors to be assigned to a given LAB) and a set 
of destinations {di} (which represents a set of 
multiplexers which feed into the given LAB) where 
each source can be coupled to two or more des- 
tinations according to an interconnection pattern 
satisfying requirements R1, R2, and R3 above, 
algorithm 500 attempts to find the subset of assign- 
ments from {S(} to {di} such that each source is 
coupled to exactly one destination and. because 
there may be fewer sources than destinations, each 
destination is coupled to one source or to no 
source. 

Algorithm 500 makes use of the following glo- 
bal variables: 
m 

The total number of sources. 
n 

The total number of destinations. 
PATTERN 

A matrix of logical values with m rows and n 
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columns in which the ntry in the Ah row and fth 
column. PATTERN(/./). is true if the pattern al- 
lows connections from source s. to destination 
dj. and is false otherwise. 
ASSIGNED 

An array of n logical variables in which the /th 
entry, ASSIGNED(y), is true if destination dj has 
been successfully assigned, and false if it has 
not. 

ASSIGNMENT 

An array of n integer variables in which, if des- 
tination d) has been assigned to source S\, the 
yth entry, ASSIGNMENT(/), contains the integer 

/. 

SUCCESS 

A logical variable which is set true if the recur- 
sive subroutine has been successful and is set 
false otherwise. 
MARK 

An array of n logical values used to mark des- 
tinations temporarily. 
In addition. 

the following local variables are used: 
A P 

Integers representing the labels of sources Si 
and Sp respectively. 

Integers representing the labels of destinations 
d| and dk respectively. 

Algorithm 500 starts at step 502 and proceeds 
immediately to step 504 where all variables are 
initialized; SUCCESS is set to true. PATTERN is 
loaded with its appropriate logical values, all entries 
of ASSIGNED are reset to false, all entries of 
MARK are reset to false, and all entries of ASSIGN- 
MENT are reset to zero. At step 506. counter / is 
initialized to one and a loop is commenced at step 
508 which attempts to assign each source. 

At step 508. the algorithm determines if it has 
been successful in making assignments up to that 
stage. If it has not. it proceeds to step 528. which 
is discussed beiow. However, if it has been suc- 
cessful, it continues to attempt to make more as- 
signments by moving on to step 510. 

Next, variable SUCCESS is reset to false and 
counter / is initialized to one at steps 510 and 512 
respectively. Following this, step 514 determines if 
the specific pattern allows source Si to be routed to 
destination dj. If this allowed, the algorithm pro- 
ceeds to call a recursive subroutine at step 516 
which attempts to assign source Si to destination dj. 
Step 518 then determines if the recursive subrou- 
tine was successful in assigning source s* to a 
destination. If it was, then the algorithm proceeds 
to St p 524 to determine if th r are any more 
sources to consider. However, if th assignment 
algorithm was not successful, th algorithm pro- 
ceeds to step 520 to determine if there are any 



more destinations to consider. 

At step 520. the algorithm determines if it has 
considered ail destinations. If it has not. it incre- 
ments counter / at step 522 and returns to step 514 
5 to work on the next destination. However, if all 
destinations have been considered, the algorithm 
proceeds to step 524. 

Similarly, at step 524. the algorithm determines 
if it has considered all sources. If it has not, it 

w Increments counter / at step 526 and returns to 
step 508 to work on the next source. However, if all 
sources have been considered, the algorithm pro- 
ceeds to step 528. 

The final result of the algorithm is evaluated at 

15 Step 528. If the algorithm has been successful in 
making all assignments, an announcement to that 
effect can be made at step 532. and the variable 
ASSIGNMENT contains the optimum assignment. 
Conversely, if not all assignments were made, an 

20 announcement to that effect can be made at step 
530. Rnally. the algorithm stops at step 534. 

As described above, algorithm 500 calls a re- 
cursive subroutine at step 516 to attempt to assign 
source S: to destination dj. Recursive subroutine 

25 550 either assigns source S) to destination dj if 
destination dj is not assigned, or else it attempts to 
remove the assignment from destination dj if it is 
already assigned. An exemplary flowchart for a 
recursive subroutine 550 for this purpose is shown 

30 in FIG. 5B. 

Recursive subroutine 550 starts at step 552. 
When algorithm 500 calls recursive subroutine 550, 
it passes the parameters / and }, where / is the 
source inaex and / is the destination index; recur- 
as sive subroutine 550 receives these parameters at 
step 553. but it shares global variables and data 
structures PATTERN. ASSIGNED. ASSIGNMENT, 
and SUCCESS with algorithm 500. Being a recur- 
sive subroutine, it allocates memory for local vari- 

40 ables p and k at step 554. It then proceeds to step 
555 where the logical variable SUCCESS is reset 
to false. At step 556. the recursive subroutine 
checks if destination dj has been successfully as- 
signed. 

45 }f destination dj has not been assigned, source 

S( is assigned to it and control is returned to 
algorithm 500 in steps 578. 580. 582. 583. and 584 
as follows: At step 578. the address of source Si is 
stored in ASSIGNMENT^); at step 580. logical van- 
so able ASSIGNED(j) is set true to indicate that des- 
tination dj has been assigned; at step 582. the 
logical variable SUCCESS is set true; at step 583, 
local variables p and k are freed; and at step 584 
the recursive subroutine returns control to the cail- 
55 ing algorithm. 

However, if destination dj has been assigned, 
then, from step 556. recursive subroutine 550 at- 
tempts to reassign current source Sp from destina- 
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tion dj to a new destination dk. This process starts 
at step 558 where a temporary martc Is made to 
indicate that destination dj is being considered. At 
step 560. the address p of the sourc currently 
assigned to destination d| is noted. Counter k, 
which is an index pointing to potentiat new destina- 
tions, is initialized at step 562, and a loop is en- 
tered which steps through values of k from one to 
n. where n is the number of destinations. 

The first two steps in the loop, steps 564 and 
568. determine respectively if the pattern allows 
possible connection from source Sp to destination 
d(c. and if destination d^ is not currently marked. If 
either of these conditions is not met, the recursive 
subroutine proceeds to step 572. However, if both 
of these conditions are met, recursive subroutine 
550 calls itself at step 570 to attempt to assign 
source Sp to destination d^. 

Recursive subroutine 550 then proceeds to 
step 566 which determines if the subroutine's re- 
cursive call to itself was successful in finding a 
possible assignment. If the call was successful, the 
subroutine proceeds to step 567 where the address 
of source Si is stored in ASSIGNMENT^), to step 
569 where ASSIGNEDfj) is set true, and then to 
step 576. However, if the call was not successful, 
the subroutine proceeds from step 566 to step 572. 

At step 572, the recursive subroutine deter- 
mines if all destinations have been considered. If 
not. then the value of counter k is incremented at 
step 574 and the recursive subroutine returns to 
step 564. However, if all destinations have been 
considered, the recursive subroutine proceeds to 
step 576. 

At step 576, the temporary mark for destination 
d| is removed. Recursive subroutine 550 then pro- 
ceed to step 583 where local variables p and k are 
freed, and recursive subroutine 550 finally retums 
control to calling algorithm 500 at step 584. 

If each source is coupled to exactly two des- 
tinations, then the recursive subroutine will find a fit 
using a number of computations which is propor- 
tional to the number of sources multiplied by the 
number of destination multiplied by the depth of 
the recursion. The algorithm will have a better 
chance of finding a fit if the pattern allows deep 
nesting of the recursive assignment function than if 
only shallow nesting is possible. 

Patterns which satisfy requirements R1 to R3 
serve to maximize the length of the chain of recur- 
siv calls. Therefore, the algorithm together with 
patterns which satisfy requirements Rl to R3 pro- 
vide a means of maximizing th ability of connect- 
ing specific sources to specific destinations. 

If algorithm 500 is successful in assigning the 
required sources of a LAB to the required destina- 
tions of that LAB. the CAE tool can proceed to 
another LAB. If all sources of all LABs are as- 



signed, the CAE tool has completed the design. If. 
however, algorithm 500 fails to assign any set of 
sources to its set of destinations, the CAE tool 
must repartition th logic into different logic array 

5 blocks, or reassign logic elements to different 
macrocells. and then attempt to assign sources to 
destinations again. 

An exemplary hardware system on which the 
interconnection assignment algorithm above can be 

TO implemented is diagrammed in FIG. 6. System 60 
is preferably a personal computer (of tiie so-called 
IBM®-compatible class) based on an Intel® 80386 
or better central processing unit ("CPU") 61. Sys- 
tem 60 also has at least two megabytes of random 

75 access memory ("RAM") 62 and an I/O controller 
63. CPU 61, RAM 62. and I/O controller 63 are all 
connected to a 32-bit bus 64. 

Connected to I/O controller 63 are an input 
device 65 such as a keyboard, a video adapter 66 

20 such as a video graphics array ("VGA") or better 
video adapter and compatible monitor 67. Also 
optionally connected to I/O controller 63 is a printer 
68. 

25 G. Redundancy Implementation 

The programmable logic device of the present 
invention preferably uses polysilicon fuse redun- 
dancy for yield enhancement. Both word line re- 

30 dundancy and macrocell redundancy are preferably 
incorporated. 

For word line redundancy, two spare word line 
pairs per LAB are used. The output of each word 
line driver can be programmatically coupled to 

35 either one of two word lines by blowing appropriate 
polyfuses. A damaged word line is replaced by 
blowing the polyfuses such that the outputs of the 
word line drivers are routed to undamaged word 
lines; i.e.. by activating the spare word line pair and 

40 shifting the remaining good word lines around the 
damaged one. 

Using tiiis form of word line redundancy, the 
effect of short circuits between any two adjacent 
word tines can t>e eliminated. The effects can be 

45 eliminated whether the shorted word lines belong 
to the same word line pair, or to different word line 
pairs. 

In addition, this form of word line redundancy 
can be used to eliminate tiie effect of two instances 
so of shorted word line pairs if the word line pairs are 
on opposite sides of an LAB. 

Implementation of word lin redundancy re- 
quires one architectural bit per word line pair, and 
redundancy data are stored in archit ctural bit 
55 latches that ar s rially loaded from an isolated 
redundancy fus site on the periphery of the chip. 

For macrocell redundancy, each LAB has two 
spare macrocells including product terms. One 
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spare macrocell is included for one half of the LAB 
and another spare macrocell is included for the 
other half of the LAB. The output of each nnacrocell 
can be programmatically coupled to either one of 
two global conductors by blowing appropriat. poly- s 
fuses. A damaged macrocell is replaced by blow- 
ing the polyfuses such that the outputs of the 
undamaged macrocells are routed to the global 
conductors: i.e., a damaged macrocell is replaced 
by activating the spare macrocell on one end of the ro 
LAB and shifting the remaining macrocells around 
the damaged one. 

With this form of macrocell redundancy, any 
single damaged macrocell. including the expander 
word line associated with the macrocell. can be rs 
replaced by a spare macrocell. 

In addition, this form of macrocell redundancy 
can be used to eliminate the effect of two damaged 
macrocells if the damaged macrocells are on op- 
posite sides of the LAB. 20 

Implementation of macrocell redundancy re- 
quires one architectural bit per macrocell. Redun- 
dancy data are stored in architectural bit latches 
that are serially loaded from an isolated redun- 
dancy fuse site on the periphery of the chip. 25 



decoders, and is compatibl with a scan path test- 
ing scheme. 

Because word lines and bit lines are selected 
with shift registers in certain test modes, the tradi- 
tional reliability test modes such as Program Dis- 
turb and OC Erase can be achieved as subsets of 
the Program mode. 

Data can also be stored in the architectural bit 
latches using the shift register scan path. Thus 
various macrocell architectures can be emulated 
and tested without actually programming the ar- 
chitectural bits. 

Spare macrocells and word lines can also be 
tested without blowing the polyfuses by preloading 
the architectural bit latches controlling the redun- 
dancy resources. 

Thus, a programmable logic device having a 
global interconnect array coupled to logic array 
blocks by programmable multiplexers is provided. 
One skilled in the art will appreciate that the 
present invention can be practiced by other than 
the described embodiment, which is presented for 
purposes of illustration and not of limitation, and 
the present invention is limited only by the claims 
which follow. 



H. Programming and Testing 

The PLD of the present invention can operate 
in a number of modes including program mode in 30 
which the operation of the PLD is defined, verify 
mode in which the proper manipulation of data in 
the PLD is verified, test mode during which the 
expected operation of the PLD is checked, and 
operation mode in which the PLD performs its 35 
programmed operations. 

In program mode, various EPROM cells in the 
PLD are selected and logical data is stored in 
them. In verify mode, the EPROM ceils are se- 
lected and the data stored in them is read out 4o 

During program and verify modes, two of the 
four dedicated input pads are redefined to have 
specific functions. One pad is used to supply volt- 
age to the EPROM gates or word lines, and a 
second pad is used to supply voltage to the EP- 45 
ROM drains or bit lines. 

EPROM cells are conventionally selected for 
programming and verifying using row and column 
decoders. However, in the preferred embodiment a 
method more suitable for PLOs is used. In particu- so 
lar. these selections are made using a shift register 
scan path wherein each word lin and each bit lin 
is controlled by a shift register bit and selection 
information is serially shifted into tti registers. A 
logical "1" in the shift register bit will setGct th ss 
corresponding word line or bit line. This method 
results in simplification of program and verify cir- 
cuits compared to the use of row and column 



Claims 

1. A programmable logic device for producing a 
plurality of first signals, each of which is a 
programmable logic function of a plurality of 
second signals, the programmable logic device 
comprising: 

a plurality of logic array blocks, each of 
which has a plurality of inputs and a plurality of 
outputs with each output carrying a respective 
one of the plurality of first signals; 

a plurality of global conductors, each glo- 
bal conductor being fed by a respective one of 
the plurality of second signals; 

a plurality of multiplexers, each of which 
has a plurality of inputs with each input being 
connected to a respective one of the global 
conductors, and an output connected to the 
input of a respective one of the logic array 
blocks. 

2. The programmable logic device of claim 1 
wherein each global conductor carries a signal 
and each one of the plurality of multiplexers 
can be programmed to select one of the sig- 
nals on the global conductors connected to its 
inputs to be transfen^ed to its output 

3^ The programmable logic device of claim 2 
wherein each output of the plurality of logic 
array blocks is connected to a respective one 
of the global conductors, the connections from 
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logic array block outputs to global conductors 
form a specific pattern, and the outputs of 
each logic array block are partitioned into at 
least one group. 

5 

The programmable logic device of claim 3 
wherein, in the specific pattern, the universe of 
multiplexers fed by any one globaJ conductor 
differs from the universe of multiplexers fed by 
any other global conductor. ro 

The programmable logic device of claim 3 
wherein, in the specific pattern, any two inputs 
of any multiplexer are connected to global 
conductors in different groups. 75 

The programmable logic device of claim 3 
wherein, in the specific pattern, the global con- 
ductors in any two groups from different logic 
array blocks together with the multiplexers to 20 
whose inputs they are connected form an ac- 
yclic chain. 

The programmable logic device of claim 3 
wherein the signals on the global conductors 25 
connected to the inputs of the plurality of mul- 
tiplexers are selected for transfer to the out- 
puts of the multiplexers by successively at- 
tempting to assign each global conductor to an 
output of one of the multiplexers to which the 30 
global conductor Is connected in accordance 
with the specific pattern until ail multiplexer 
outputs are assigned, or until ail possible as- 
signments have been attempted. 

The programmable logic device of claim 7 
wherein each successive attempt attempts to 
assign each global conductor to an output of 
one of the multiplexers to which the global 
conductor is connected in the specific pattem 40 
using a procedure which operates recursively 
by: 

switching a first multiplexer to propagate 
signals from a first global conductor to the 
output of the first multiplexer if the first mul- 45 
tiplexer has not been switched to propagate 
signals from any other global conductor to the 
output of the first multiplexer; or 

if a second glot>al conductor has already 
been assigned to the output of the first mul- so 
tiplexer, by attempting to assign the second 
global conductor to a second multiplexer. 

The programmable logic device of claim 1 
further comprising input and output pads con- 55 
trolled by tri-state buffers having means for 
programmatically controlling output voltage 
slew rate. 



10. The programmable logic device of claim 1 
wherein the logic array blocks further comprise 
macrocells and spare macrocells, the logic ar- 
ray blocks having means for replacing defec- 
tive macrocells with spare macrocells. 

11. The programmable logic device of claim 1 
wherein the logic array blocks further comprise 
a plurality of word lines and a plurality of spare 
word lines, the logic array blocks having 
means for replacing defective word lines with 
spare word lines. 

12. The programmable logic device of claim 1 
further comprising a plurality of logical ele- 
ments wherein tiie logical state of each logical 
element can be set to a desired state by 
connecting the logical elements in a serial ar- 
rangement having a first element whose state 
can be controlled and by passing a logical 
state string sequentially into the first element 
and through the serial arrangement until the 
desired state is obtained in each logical ele- 
ment. 

13. The programmable logic device of claim 1 
further comprising a plurality of logical ele- 
ments wherein the logical state of each logical 
element can be monitored by connecting the 
logical elements in a serial arrangement having 
a last element whose state can be monitored 
such that the logical states of the logical ele- 
ments form a logical state string, sequential 
passing the logical state string through the 
serial arrangement, and monitoring the logical 
state of the last element in the serial arrange- 
ment. 

14. In a programmable logic device, a method for 
producing a plurality of first signals, each of 
which is a programmable logic function of a 
plurality of second signals, the method com- 
prising the steps of: 

providing a plurality of logic array blocks, 
each of which has a plurality of inputs and a 
plurality of outputs with each output carrying a 
respective one of the plurality of first signals: 

providing a plurality of global conductors; 

providing a plurality of multiplexers, each 
of which has a plurality of inputs and an out- 
put; 

feeding each on of th plurality of second 
signals to a respectiv one of tiie plurality of 
global conductors; 

connecting each one of the inputs of the 
plurality of multiplex rs to at least a respective 
one of the plurality of global conductors; and 

connecting each one of the outputs of the 
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plurality of multiplexers to a respective one of 
the inputs of the plurality of logic array blocks. 

15. For use in a programmable logic device for 
producing a plurality of first signals with each s 
of the first signals being a programmable logic 
function of a plurality of second signals, the 
programmable logic device comprising a plu- 
rality of logic array blocks with each logic array 
block having a plurality of inputs and a plurality io 
of outputs with each output carrying a respec- 
tive one of the plurality of first signals, a plural- 
ity of global conductors, with each global con- 
ductor being fed by a respective one of the 
plurality of second signals, a plurality of prog- is 
rammable multiplexers with each multiplexer 
having a plurality of inputs with the inputs 
being connected to the plurality of global con- 
nectors in a specific interconnection pattern 
and an output connected to the input of a 20 
respective one of the logic array blocks, a 
system for assigning each one of the plurality 
of second signals to a respective logic array 
block input, the system comprising: 

means for obtaining the specific intercon- 25 
nection pattern; and 

means for selecting signals on the global 
conductors connected to the inputs of the plu- 
rality of multiplexers for transfer to the outputs 
of the multiplexers, said selecting means com- 30 
prising means for successively attempting to 
assign each global conductor to a multiplexer 
to which the global conductor is connected in 
accordance with the specific interconnection 
pattern until ail multiplexers have been as- as 
signed, or until all possible assignments have 
been attempted. 

16. The system of claim 15 wherein the succes- 
sive attempting means attempts to assign each 4o 
global conductor to an output of one of the 
multiplexers to which the global conductor is 
connected in the specific pattern using a pro- 
cedure which operates recursively by: 

switching a first multiplexer to propagate 45 
signals from a first global conductor to the 
output of the first multiplexer if the first mul- 
tiplexer has not been switched to propagate 
signals from any other global conductor to the 
output of the first multiplexer; or so 

if a second globail conductor has already 
been assigned to the output of the first mul- 
tiplexer, by attempting to assign th second 
global conductor to a second multiplexer. 

55 

17. For use in a programmable logic d vice for 
producing a plurality of first signals with each 
of the first signals being a programmabi logic 



function of a plurality of second signals, the 
programmable logic device comprising a plu- 
rality of logic array blocks with each logic array 
block having a plurality of inputs and a plurality 
of outputs with each output carrying a respec- 
tive one of the plurality of first signals, a plural- 
ity of global conductors, with each global con- 
ductor being fed by a respective one of the 
plurality of second signals, a plurality of prog- 
rammable multiplexers with each multiplexer 
having a plurality of inputs with the inputs 
being connected to the plurality of global con- 
nectors in a specific interconnection pattern 
and an output connected to the input of a 
respective one of the logic anray blocks, a 
method for assigning each one of the plurality 
of second signals to a respective logic array 
block input, the method comprising the steps 
of: 

obtaining the specific interconnection pat- 
tern; and 

selecting signals on the global conductors 
connected to the inputs of the plurality of mul- 
tiplexers for transfer to the outputs of the mul- 
tiplexers by successively attempting to assign 
each global conductor to a multiplexer to which 
the global conductor is connected in accor- 
dance with the specific interconnection pattern 
until all multiplexers have been assigned, or 
until all possible assignments have been at- 
tempted. 

18. The method of claim 17 wherein the succes- 
sive attempting step attempts to assign each 
global conductor to an output of one of the 
multiplexers to which the global conductor is 
connected in the specific pattem using a pro- 
cedure which operates recursively by: 

switching a first multiplexer to propagate 
signals from a first global conductor to the 
output of the first multiplexer if the first mul- 
tiplexer has not been switched to propagate 
signals from any other global conductor to the 
output of the first multiplexer or 

if a second global conductor has already 
been assigned to the output of the first mul- 
tiplexer, by attempting to assign the second 
global conductor to a second multiplexer. 

19. The method of claim 18 wherein at least one of 
the plurality of second signals is fed to a 
different global conductor if the procedure can- 
not assign the output of each multiplexer to a 
global conductor. 
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